The aim of the study was to determine whether changes in the tissue fatty acid (FA) profile follows a simple test dilution model after changing the dietary oil sources in gilthead sea bream. A 14-month trial was conducted with juvenile fish of 18 g initial body weight fed either a fish oil-based diet (FO diet) or vegetable oils replacing 33% (33VO) and 66% (66VO) of fish oil. The trial included 3 months feeding a fish oil finishing diet to follow the restoration of the FA profile with the FO diet. Fish oil replacement with/without a finishing phase of fish oil re-feeding did not affect growth and all groups reached 520-531 g body weight. Changes in body composition with weight gain did not modify the FA profile of fish continuously fed FO, 33VO or 66VO diets. Increased amounts of oleic acid (18:1n−9), linoleic acid (18:2n−6) and linolenic acid (18:3n−3), in combination with reduced proportions of n−3 long chain polyunsaturated FAs, were found with the partial replacement of fish oil. Hence, multivariate component analysis highlighted a gradient of fish oil load determined by the total intake of fish oil over the entire production cycle. The simple dilution model was a good descriptor of these tissue FA changes, and excellent correlations between observed and predicted values were found at the end of finishing period in fish grow out with either 33VO or 66VO diets.
Introduction 39 40
Fish oil supplies are finite (FAO, 2006) and the continuous increase in global 41 aquaculture production has necessitated research on alternative lipid sources for fish 42 feeds (Watanabe, 2002) . Since fish oils are also highly susceptible to contamination 43 with persistent organic pollutants, the use of vegetable oils can contribute toward a 44 reduction in contaminant loadings in the tissue of farmed fish (Sargent et al., 1995; Bell 45 et al., 2005) . However, vegetable oils are devoid of n-3 long chain polyunsaturated fatty 46 acids (LC-PUFA), and can adversely affect the tissue fatty acid (FA) composition if 47 added at high inclusion levels (Sargent and Tacon, 1999; Torstensen et al., 2005) . Thus, 48
it may be desirable to use finishing diets formulated with uncontaminated or 49 decontaminated fish oils to restore the wild tissue FA profile of farmed fish. For 50 instance, southern hemisphere fish oils are cleaner than northern hemisphere fish oils 51 and can deliver similar levels of n-3 LC-PUFA at lower dietary inclusion levels 52 (Pratoomyot et al., 2008) . 53
Lipid tailoring is, however, a fish-specific process and marine fish show 54 extremely low capabilities for the bioconversion of C 18 polyunsaturated FAs into C 20 55 and C 22 PUFA (Sargent et al., 2002) . Despite this, the essential FA requirements of fast 56 growing juvenile gilthead sea bream are met in practical diets by a 25% inclusion of 57 marine ingredients (fish meal plus fish oil) (Benedito-Palos et al., 2007) . Besides, 58 eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, are 59 selectively incorporated into the polar lipid fraction resulting in a high membrane 60 phospholipid robustness (Benedito-Palos et al., 2008) . The same study pointed out the 61 fact that muscle fat depots highly reflect the composition of the diet regardless of 62 season. Earlier studies in gilthead sea bream have also monitored the effect of fish oil 63
Dilution model 160 161
Changes in the tissue FA profile as a result of fish oil re-feeding were described 162 according to Robin et al. (2003) by the following equation: 163 P T = P RT + [(P 0 -P RT ) / (Q T / Q 0 )] 164 where P T is the percentage at time T of a given FA, P 0 is the FA percentage at the start 165 of the finishing period, and P RT is the FA percentage at time T in fish continuously fed 166 the reference/finishing diet. Q 0 and Q T represent the initial and final (at time T) tissue 167 lipid content, respectively. 168
In the present study, P T is the predicted FA percentage at a given time T in 169 finishing groups (33VO/FO, 66VO/FO), P 0 is the FA percentage of a given FA at the 170 start of the finishing period in 33VO and 66VO groups, P RT were checked for normal distribution and homogeneity of variances, and when 179 necessary arcsin transformation was performed. Data were analysed by one-way 180 ANOVA followed by Student-Newman-Keuls (SNK) test at a significance level of 5%. 181
The percentages of each FA were chemometrically analysed by multivariate principal 182 components analysis (MPCA). All analyses were made using the SPSS package version 183 14.0 (SPSS Inc, Chicago, USA). 184
Results 185 186
3.1. Growth performance 187 188 Growth, feed intake and feed conversion ratios were not affected by the dietary 189 treatment over the course of the feeding trial. Hence, at each sampling point, all data on 190 body weight and feed intake were pooled and represented in the fitting plot as the mean 191 of the 9 experimental tanks (Fig. 1B) . Overall, fish grew during the 11-month grow-out 192 period from 18 g to 284 -294 g with a feed efficiency (wet wt gain/dry feed intake) of 193 0.82 -0.86 over this period. The subsequent trial (3-month period) was conducted over 194 the course of summer, and the cumulative feed intake (g/fish) was of the same order of 195 magnitude as that of the initial period (324 vs 307 g). At the end of the finishing diet 196 period, mean body weight of fish among tanks varied between 520 and 531 g with a 197
feed efficiency for the finishing period of 0. 73 -0.79. 198 In absolute terms, fish oil usage (g feed intake x ingredient percentage of fish oil 199 in the diet) in fish always fed FO, 33VO and 66VO was concordant with the percentage 200 of replacement (Fig. 2) . At the end of the finishing diet period, fish oil usage in fish fed 201 33VO became equal to that found in the 66VO/FO group. In the 33VO/FO group, fish 202 oil usage was reduced by 15% in comparison to fish always fed the FO diet. (Tables 3-5) . 209
As shown in Table 3 , no consistent changes in the FA profile were found over 210 the course of the finishing period in fish continuously fed the same diet (FO, 33VO and 211 66VO groups), and only a few FAs (16:1 n-7, 17:0, 18:2 n-6) showed significant 212 differences (less than 5-30% of variation) in one or two of the three experimental 213 groups. Regarding the effect of dietary treatment, fish fed the FO diet contained 29% 214 saturates (mainly 16:0 and 14:0), almost 32% monoenes (over half of which were 215 18:1n-9), 1% n-6 LC-PUFA, and 17% n-3 LC-PUFA (predominantly EPA and DHA). 216
Increased amounts of 18:1n-9, 18:2n-6 and 18:3n-3, in combination with reduced 217 proportions of n-3 LC-PUFA and saturated FAs were found with the progressive 218 replacement of fish oil by vegetable oils. 219
The time course of changes through the finishing period on the tissue FA profile 220 of fish previously fed vegetable oils are shown in Tables 4 and 5 . Both in 33VO/FO and 221 66VO/FO groups, the finishing diet caused a progressive increase in the FAs present in 222 higher amounts in fish oil (i.e. 14:0, EPA and DHA) , while 223 those characteristic of vegetable oils (i.e. 18:1n-9, 18:2n-6 and 18:3n-3) decreased in 224 proportion to the degree of fish oil replacement in the diet. 225
The MPCA analysis of fillet FA profiles before, during and at the end of the 226 finishing period revealed that the two first components accounted for 62% of the total 227 variation, with 52.5% of the variation being explained by component 1 itself (Fig. 3A) . 228
Some of the most characteristic variables of marine versus vegetable oils had the 229 highest loadings on function 1 and were located at the extremes. The results of the score 230 plot are represented only for the first component since it accounted for the majority of 231 the variation (Fig. 3B) . The plot revealed that the three invariable groups (FO, 33VO 232 and 66VO) were well separated from each other, with 66VO and FO at the extremes. 233
The finishing 33VO/FO and 66VO/FO groups were also clearly separated from each 234 other on a time-FO intake-manner (Fig. 3B) . Thus, a gradient of fish oil load caused 235 either by the amount of this ingredient in the diet, or by the total intake per unit of body 236 weight, could be easily distinguishable. At the end of the finishing period, the resulting 237 FA profile of the 66VO/FO became equal to that of fish always fed the 33VO diet, and 238 intermediate values between 33VO and FO groups were found for the 33VO/FO group. 239
Regardless of nutritional background (33VO and 66VO diets), the concordance 240 between the observed FA values (x-axis) and those predicted by the dilution model (y-241 axis) was extremely high at the end of the finishing period (Fig. 4) (Benedito-Palos et al., 2007) . Besides, n-3 LC-PUFA are selectively incorporated into 260 polar lipids, and the stability of muscle phospholipid FA composition is a useful and 261 complementary criterion to assess the suitability of the replacement strategy in fish 262 feeds with low levels of marine derived ingredients (Benedito-Palos et al., 2008) . 263
In fish and higher vertebrate species, neutral lipids are less conservative than 264 phospholipids (Tocher, 2003; Skalli and Robin, 2004; Schulz et al., 2005) . This is 265 because they are the fat storage form and its FA profile highly reflects that of the diet. In 266 the present study, the muscle lipid content was greater than 10% on a wet matter basis, 267 and the FA profile of total lipids and thereby that of triacylglycerols (TAG) remained 268 mostly unchanged through the finishing period in fish always fed either FO, 33VO or 269 66VO diets. The result of these temporal series agrees with data on a previous seasonal 270 study (Benedito-Palos et al., 2008) , and reinforces the idea that accelerated growth of 271 farmed fish might override most of the changes in the flesh FA profile (Grigorakis, 272 2007 ). However, it should be born in mind that the tissue-specific FA profile varies in 273 salmonids with the size and age of fish (Bell et al., 2002 (Bell et al., , 2003 . Fish oil replacement by 274 alternative lipid sources has also a pronounced effect on the tissue FA profile of fish, 275 and we found in fish always fed 33VO and 66VO diets a 22-36 % increase of 18:1n-9 276 and 18:2n-6 with a concurrent 20-65 % reduction in EPA and DHA. Similar results 277 have been reported in gilthead sea bream (Izquierdo et al., 2005) and a wide variety of 278 fish species, including Atlantic salmon (Bell et al., 2002 (Bell et al., 2003b Bransden et al., 2003; 279 Bell, 2004; Torstensen et al., 2004; Nanton et al., 2007) Gilthead sea bream shows, in our latitude, a pronounced growth seasonality 287 (Mingarro et al., 2002) , and for the most effective restoration of EPA and DHA, the 288 finishing window should take place in the broadly active feeding period of May-289
October. Thus, after the growth stop of winter, one month was spent before the start of 290 the finishing diet period that then was continued through the summer (June-September). 291
Several variables, including among others the growth and lipid deposition rates, need to 292 be considered when analysing the effectiveness of fish oil wash-out. Therefore, one 293 must be cautious before drawing a definitive conclusion, but the literature is prolific on 294 studies in which a complete restoration of the FA profile was not fully achieved after 295 fish oil re-feeding: 32 days in red sea bream (Glencross et al., 2003) Using original data and those derived from red sea bream (Glencross et al., 2003) and 302
Atlantic salmon (Bell et al., 2003a ) studies, Jobling (2004a concluded that a dilution 303 process also plays a key role in governing the muscle FA profile of these fish species. 304
Our work in gilthead sea bream points clearly toward the same direction, and gradual 305 changes in the FA profiles of the 33VO/FO and 66VO/FO groups were found during the 306 finishing period, making them increasingly similar to the FO group. This is particularly 307 highlighted by the results of the MPCA that shows the gradient of fish oil load along the 308 ordinate axis. 309
Therefore, changes in the FA profile arise because the existing stores become 310 diluted as fish grow and deposit increasing amounts of dietary-derived FAs. In other 311 words, nutritional background in fish with no apparent signs of FA deficiencies has a 312 marginal role on FA turnover and tissue FA profiles, although age-and nutritional 313 condition affect the expression pattern of cytokines and key limiting enzymes on tissue 314 FA uptake and mobilization (Saera-Vila et al., 2005 , 2007 . Thus, using the simple 315 dilution model, a reliable FA prediction was found herein at the end of the fish oil 316 finishing period regardless of the level of fish oil replacement. The model is in fact a 317 good general descriptor of FAs, and regression curves (predicted vs observed values) 318
give slopes nearby to the line of equality when either selected or almost all FAs were 319 considered in the model. In Atlantic salmon, Jobling (2004b) tested three FAs (18:1 320 isomers, 18:2 n-6 and 18:3 n-3) and confirmed closely the predictions made with the 321 dilution model. Jobling (2004a) again evaluated the dilution model with data from red 322 sea bream studies (Glencross et al., 2003) , and a high degree of concordance was found 323 between the predicted and observed values. However, lipid retention is a tissue and fish-324 specific process, and probably the concordance with the dilution model will be higher in 325 species with high lipid tissues, which may explain why the predictions are better in 326 salmonids and sparid fish than in Murray cod (Turchini et al., 2006) or Atlantic cod 327 (Jobling et al., 2008) . Thus, our gilthead sea bream study highlights that fish grown-out 328 with the 33VO diet need more than 12 weeks to revert back the FA composition toward 329 the normal variability of fish fed fish oil-based diets. Besides, low and intermediate 330 levels of fish oil replacement can produce equally acceptable fillets when the latter is 331 accompanied by a fish oil finishing phase. This is because temporal changes on fish oil 332 intake gave a minor effect on the muscle FA profile if the absolute amount becomes 333 equal at the end of the trial. In our experimental model, this was the case for the 33VO 334 and 66VO/FO groups, and the tissue FA profile at the end of the 3-month finishing 335 period was very close in both groups. 336
Savings on fish oil resources are therefore limited to a simple dilution, and new 337 approaches are required to improve any mobilisation or turnover of pre-existing FAs. 338
Intake of conjugate linoleic acid complex (CLA) has a lipid-lowering effect in gilthead 339 sea bream juveniles, promotes the diversion of dietary-derived TAG from muscle and 340 adipose tissue to liver, and increase hepatic peroxisomal β oxidation (Diez et al., 2007) . 341
At the same time, however, LC-PUFA biosynthesis is reduced and changes in the 342 muscle FA profile indicate that the inclusion of CLA in aquaculture diets would be of 343 little benefit in gilthead sea bream. Nevertheless, the use of more specific 344 agonists/antagonists of peroxisome proliferator-activated receptors (PPARs) cannot be 345 excluded to improve the retention of n-3 LC-PUFA. Attention also needs to be focused 346 on the transfer from fish oil of PCBs, dioxins and other harmful lipophilic organic 347 chemicals that are now ubiquitous contaminants in the marine ecosystems (Sargent et 348 al., 1995; Jacobs et al., 2002; Bell et al., 2005; Domingo, 2007) . The effects of feeding 349 strategies on toxic-kinetics will be reported separately to have a more complete 350 framework of nutritional fish tailoring, and to gain public acceptance for the fish fed 351 with alternative and sustainable diets. Table 4 . Effects of finishing diet on fillet weight, wet lipid content and FA profile (% of total 567 FAME) in fish fed 33VO diet and then FO diet (33VO/FO group). Fish were sequentially 568 sampled through the finishing period (June, +0; July, +27; August, +55; September, +88 
